How infection precipitates depressed contractility is incompletely understood, but may involve the immune, nervous, and endocrine systems as well as the heart itself. In this study, we examined the role of TLR4 in LPS-induced myocardial contractile depression. Eighteen hours following endotoxin challenge, we compared contractile responses in hearts from wild type and TLR4-deficient mice using modified Langendorff preparations. Unlike hearts from WT mice, TLR4-deficient hearts did not reveal significant contractile dysfunction following LPS administration, as measured by decreased responses in LVP max , +dP/dt max , and -dP/dt max in ex-vivo Langendorff preparations. These findings indicate a requirement for TLR4 in LPS-induced contractile depression. To determine the contribution of bone marrow-derived TLR4 function to LPS-induced myocardial dysfunction, we generated TLR4 chimeras using adoptive transfer between histocompatible mouse strains: either TLR4-deficient mice with TLR4 +/+ bone marrow-derived cells or TLR4 +/+ animals lacking TLR4 in their hematopoietic cells. We then compared the contractile responses of engrafted animals after LPS challenges. Engraftment of TLR4-deficient mice with WT marrow restored sensitivity to the myocardial depressant effects of LPS in TLR4-deficient hearts (p<0.05). Inactivation of bone marrow-derived TLR4 function, via transplantation of WT mice with TLR4-/-marrow, however, did not protect against the depressant effect of endotoxin. These findings indicate that bone marrow-derived TLR4 activity is sufficient to confer sensitivity to mice lacking TLR4 in all other tissues. However, because inactivation of marrow-derived TLR4 function alone does not protect against endotoxin-triggered 3 contractile dysfunction, TLR4 function in other tissues may also contribute to this response.
Introduction
Septic shock accounts for more than 200,000 deaths each year in the United States (1) . Cardiovascular dysfunction is central to the pathogenesis of the shock state, and exhibits both myocardial and vascular components (12) . Myocardial contractile depression is a prominent feature of this dysfunction (16) . How infection precipitates contractile depression is incompletely understood, but many studies point to the involvement of the immune, nervous, and endocrine systems as well as the heart itself. In the last several years, the examination of mammalian Toll-like receptors (TLRs) has revealed one of the immune system's most important mechanisms for detecting and responding to infection. The Toll/IL-1 signaling pathway, central to the innate immune response to infection, may also play a key role in infection-triggered myocardial contractile dysfunction (11) .
First described in Drosophila melanogaster embryogenesis, the Toll/IL-1 pathway was later implicated in anti-fungal immunity in this organism (9) . This signaling system is highly conserved, with many components expressed in plants, insects, and animals. In mammals, 11 TLRs have been described. Receptors in the family share a similar cytoplasmic domain, which allows signaling through a common pathway, while their extracellular components, composed of leucine-rich repeats, distinguish them from one another and confer specificity for different activators. For example, TLR2 recognizes peptidoglycan, TLR5 detects flagellin, and TLR4 is known to activate the immune response to endotoxin.
Receptor activation, as occurs when LPS is sensed by TLR4, triggers binding of MyD88 to the receptor complex. Inactive IRAK-1 interacts with this complex, undergoes phosphorylation, dissociates from the receptor, and interacts with TRAF6, distributing the signal to multiple downstream targets, including NF-B, Jun N-terminal kinases and p38 . Additionally, TLR4 signaling is known to induce apoptosis in endothelial cells, and mutations downstream in the pathway have been shown to inhibit LPS-induced apoptosis(2).
Toll/IL-1 signaling proteins are expressed in many tissues, including the heart. Previous studies have shown that the heart expresses receptors that activate the intracellular pathway, including IL-1R1, TLR2, and TLR4(4-6). Moreover, TLR4 upregulation occurs in the setting of heart failure(6). TLR4 activates the immune response in endotoxin-mediated sepsis (10, 17, 18) , and has been implicated in left ventricular dysfunction following LPS exposure (13) . The molecular mechanisms by which LPS causes injury in sepsis are numerous and complex, involving cytokine induction, necrosis, and apoptosis. C3H/HeJ mice, which are unresponsive to LPS and resistant to LPS-induced apoptosis, are known to have a mutation in the TLR4 gene.
Furthermore, previous studies have indicated that the adoptive transfer of WT macrophages into an LPS-insensitive C3H/HeJ mouse restores the lethal effects of LPS (7) . These experiments established a role for innate immune cells in a hepatic response to LPS (death was mediated by massive liver necrosis). The requirement for macrophages or other hematopoietic cells in LPS-triggered myocardial dysfunction, however, is unknown.
The studies presented below tested the hypothesisthat TLR4 also mediates myocardial contractile depression following endotoxin exposure. To test this hypothesis, WT and TLR4-deficient mice were challenged with LPS and their contractile responses 6 assayed using modified ex-vivo Langendorff preparations. We also hypothesized that activation of bone marrow-derived TLR4 function would restore myocardial contractile dysfunction in an otherwise endotoxin-insensitive mouse. Using adoptive transfer between histocompatible mouse strains, we generated TLR4 chimeras: either TLR4-deficient mice with TLR4 +/+ immune systems or TLR4 +/+ animals lacking TLR4 in their hematopoietic cells. We then compared the contractile responses of engrafted animals to LPS challenges.
Materials and Methods
Generation of TLR4 chimeric mice: C57BL10/ScSn (TLR4 +/+) mice (Jackson Labs, Bar Harbor, MN) and C57BL10/ScN (TLR4 -/-) mice (National Cancer Institue, Bethesda MD) were used for transplantation experiments as both strains express the H-2b MHC haplotype. Female mice from 6 to 8 weeks of age underwent lethal irradiation at day -1. Each group received 500 rads followed 3 hours later by an additional 300 rads.
On day 0, marrow from femurs and spines of male donor mice were harvested, ground in media, and strained through fine mesh. After RBC lysis, the remaining cells were spun, Cytogenetic analysis of reconstitution: Peripheral blood smears were made from whole blood collected by retro-orbital bleeding and allowed to air dry overnight. Blood smears were fixed in 3:1 methanol:glacial acetic acid for 5 minutes and allowed to air dry. were electrically paced to achieve a stable heart rate comparable to that measured in normal control hearts. Groups of 7-10 mice from each group (control and transplant)
were studied, and contractility curves were analyzed using 2 way ANOVA with Bonferroni post-tests utilizing a commercial program (GraphPad PRISM 4).
Results

TLR4-deficient animals are protected from LPS-induced contractile dysfunction.
To determine whether TLR4 is involved in myocardial depression following endotoxin exposure, we compared the contractile responses of WT and TLR4-deficient mice following the administration of LPS. Animals were given 1mg/kg of LPS intraperitoneally and euthanized 18 hours later. The hearts were removed, and contractile function assessed using ex-vivo modified Langendorff isolated perfusion preparations.
As seen in figure 1A , hearts from untreated WT animals (n=8) respond to increases in coronary flow rates with increased responses in maximal left ventricular pressure (LVP max ), maximal rate of pressure generated (+dP/dt max ) and maximal rate of relaxation (-dP/dt max ). Hearts from LPS-treated WT mice (n=8) in contrast exhibit significant decreases in systolic performance, as determined by impaired maximal LV pressure generated and maximal rate of pressure generation (+dP/dt max ) ( Figure 1A ). LPSexposed WT hearts also exhibited significantly impaired diastolic function, with decreased maximal relaxation rates (-dP/dt max ) compared to untreated controls ( Figure   1A ).
We then compared contractile function of hearts from untreated and LPS-exposed 
Recipients exhibit serum TNF-responses to LPS similar to donors. To determine
whether engrafted animals could respond physiologically to endotoxin, mice were injected with 1mg/kg of LPS and their serum TNF-levels (mean ± SEM) were assayed after 1 hour (Figure 3 ). Unchallenged WT mice and TLR4-deficient mice had undetectable basal TNF-levels prior to endotoxin challenge. Following LPS challenge, WT mice have a robust TNF-response (5672 pg/ml ± 2292 pg/ml) while TLR4-deficient animals produce little TNF-(361 pg/ml ± 144 pg/ml). In contrast, TLR4-deficient mice that have been engrafted with WT bone marrow exhibit TNF-responses similar to WT mice (5897 pg/ml ± 2243 pg/ml). WT mice transplanted with TLR4-deficient immune cells tended to have blunted responses to LPS (1390 pg/ml ± 967 pg/ml) when compared to untransplanted WT controls, but this trend did not meet statistical significance. Additionally, serum TNF-levels remained significantly higher in this group when compared to TLR4-deficient controls.
To determine whether these effects could be caused by radiation received during transplantation, we also performed syngeneic transplants, both with WT and TLR4-deficient mice. TLR4-deficient mice transplanted with TLR4-deficient marrow do not produce significant TNF-following treatment with LPS (451 pg/ml ± 34 pg/ml). This suggests that irradiation itself does not confer sensitivity to LPS. Interestingly, WT mice transplanted with WT bone marrow had a more dramatic response to LPS than untransplanted WT mice (11383 pg/ml ± 3591 pg/ml), suggesting that regulation of the TNF-response may not be fully reconstituted following irradiation and transplantation.
Bone marrow-derived cells contribute to endotoxin-triggered contractile dysfunction.
To determine whether bone marrow-derived immune cells contribute to endotoxintriggerred contractile dysfunction, mice were injected with endotoxin (1 mg/kg, IP) and contractile function curves generated using modified Langendorff preparations.
Endotoxin-challenged hearts from TLR4-deficient mice do not exhibit significant contractile depression following LPS exposure. However, hearts from endotoxin- To ensure that the contractile dysfunction observed was not due to irradiation and transplantation itself, contractile studies were performed on hearts from syngeneic TLR4-deficient transplants (data not shown). These mice did not reveal any significant depression of contractility. Genomic DNA was isolated from blood of transplanted animals. Primers that either flank the 70kb ScN TLR4 deletion or anneal to sequences in the wild type TLR4 locus deleted in ScN mice were used to amplify isolated DNA. Amplification products were then separated on a 1.2% agarose gel. Amplification of leukocyte DNA from untransplanted TLR4 +/+ and TLR4 -/-mice was performed as a control. Lane 1 is a DNA ladder.
Inactivation of bone marrow-derived TLR4 function does not protect against LPS
Lanes 2-5 represent reaction products using primers that anneal to sequences in the wild type TLR4 locus. Lanes 6-9 represent reaction products using primers that flank the 70kb TLR4 deletion.
FIG. 3. Transplant Recipients exhibit TNF-responses to LPS similar to donors.
Mice from different groups were injected with 1mg/kg of LPS and their serum TNF-25 concentrations (mean, ± SEM) were assayed after 1 hour. * P < 0.05 compared to TLR4 
